Saline and osmotic stress are the main abiotic factors limiting the productivity of rice and other crop plants. Although both coincide in generating water deficit and affect many aspects of plant growth and development similarly, some effects of salinity are distinctively related to the ionic component of salt stress. At the cellular level, dessication tolerance is largely dependent on the cell's ability for osmotic adjustment. Here, we have studied the effects of saline and osmotic stress on endocytosis by rice cells, to investigate the common and distinctive effects of saline-generated stress and osmotically generated stress, and the possible involvement of endocytosis in tolerance mechanisms. For this purpose, we have used rice cell lines with different levels of tolerance and biotinylated bovine serum albumin (bBSA) as an endocytic marker, which in our previous experiments has been shown to enter rice cells by a process with the characteristics of receptor-mediated endocytosis. Our results indicate that the pattern of uptake is common to both types of stress. Thus, when rice cells were subjected to saline or osmotic stress there was an initial dose-dependent inhibition of uptake. However, after more extended stress periods, there was an activation of uptake in the stressed cells. This late activation appears mainly related to the inhibition of growth commonly caused by the different stress agents used in this study. When using cell lines with different degrees of tolerance, the level of uptake activation varied as a function of the type of stress. Thus, under osmotic stress, a higher stress tolerance was directly related to a higher bBSA uptake, while the opposite occurred under saline stress. The possible role of endocytosis in the cellular responses to osmotic and saline stress is discussed.
Introduction
Water deficit, caused by drought or high salinity, is the major abiotic factor decreasing plant growth and productivity of agronomically important crops, such as rice (Oryza sativa L.). Advances in genetic transformation of rice and other crop plants (Komari et al. 1998 , Hansen and Wright 1999 , Tyagi et al. 1999 have allowed the use of several genetic engineering strategies aimed at protecting them from these types of stress (Zhang et al. 2000) . In this respect, the identification and understanding of the cellular mechanisms involved in ion and osmotic homeostasis are essential in developing new research approaches on desiccation tolerance (Ingram and Bartels 1996 , Winicov 1998 , Hasegawa et al. 2000 .
Osmotic adjustment, a process that results from a net increase in the number of solute particules present in the plant cell, is believed to play a critical role in helping plants acclimate to drought or saline conditions (Bray et al. 2000) . Here, osmotically induced reduction in surface area by water stress causes vesiculation of the plasma membrane (PM) to the cell interior, together with a fluid phase internalization of extracellular material (Steponkus 1991 , Oparka et al. 1993 , Kubitscheck et al. 2000 . Saline stress also causes cytoplasmic vesiculation (Pareek et al. 1997) although, in this case, osmotic adjustment takes place via a double mechanism: accumulation of NaCl at the vacuole and accumulation of compatible solutes at the cytoplasm (for a review see Hasegawa et al. 2000) .
The intense PM vesicle trafficking associated with these responses to osmotic and saline stress suggest the involvement of endocytosis/exocytosis processes. Several recent reports strongly support a relationship between endocytosis and stress response. A plant-specific homolog of the small GTPase Rab5, one of the key regulators of early endocytic traffic in mammalian cells (Zerial and McBride 2001) , is induced by salt stress (Bolte et al. 2000) and has been shown to be involved in endocytosis in plant cells (Ueda et al. 2001) . It is also becoming clear that many signaling pathways, which are activated upon several types of stress, can modulate internalization pathways. In addition, recent studies are uncovering the existence of a cross-talk between signaling molecules and components of the transport machinery involved in endocytosis (Cavalli et al. 2001a , Kholodenko 2002 .
Evidence for the existence of endocytosis in plant cells has been provided by the use of non-specific markers and bio-logical ligands (for reviews see Low and Chandra 1994 , Battey et al. 1999 , Marcote et al. 2000 , although receptor-mediated endocytosis (RME) still requires unequivocal proof. To date, uptake studies using biotinylated proteins or elicitors are the only examples of a process with the characteristics of RME in plant cells: temperature-and energy-dependence, saturation, and competition by free ligands Chandra 1994, Bahaji et al. 2001) .
Using soybean cells, Horn et al. (1992) reported that the uptake of biotinylated proteins was maximal under isotonic or slightly hypotonic extracellular conditions, while it was inhibited upon hyperosmotic shock. In those experiments, marker uptake was monitored within a few hours of applying osmotic stress and, therefore, longer-term effects were not determined. Using rice cell suspensions, we have previously shown that the uptake of biotinylated proteins by rice cells, while consistent with a receptor-mediated process, was strongly affected by the growth phase of the cell suspensions: optimal uptake occurs during the lag phase, and decreases drastically when cells enter the exponential growth phase (Bahaji et al. 2001) .
Taking into account this effect of growth on the endocytosis process, we have used a similar experimental system to investigate the common and distinctive effects of saline-and osmotically generated stress on the uptake of a biotinylated protein (bBSA) by rice cells. Our results show that the general pattern of uptake is common to both types of stress, although saline and osmotic stress also have some specific effects on the uptake rate as a function of the level of tolerance of the cell line used.
Results

Patterns of growth and uptake of biotinylated proteins by rice cells
A cell suspension line (L-M) of intermediate tolerance to osmotic and saline stress was used to study the effect of several saline and osmotic stress agents on cell growth and metabolic activity, as well as on the endocytic ability of these cells. For this purpose, we first tested if the uptake of two biotinylated proteins (bBSA and bHRP) by non-stressed cells (cultured in control AA medium) followed the same pattern to that reported previously with different rice cell lines (Bahaji et al. 2001) . Fig. 1A shows that variations in the uptake of both endocytic markers are mainly related to the growth rate of the suspension. Thus, the uptake was highest immediately after transfer to fresh AA control medium (0 h), when cells were in the lag phase, and decreased with time as cells entered the exponential growth phase. Since endogenous peroxidase activity varied with the time of incubation as well as with some stress treatments preliminary tested (data not shown), subse- ). Subsequently, protein extracts were prepared to estimate both markers uptake and growth rate, which are expressed as a percentage of the highest uptake values, that occurred at the beginning of the incubation period (0 h). (B) Uptake of BSA and bBSA by rice cells. At the indicated incubation periods, aliquots of cells from the suspension line L-M, prepared as in A, were incubated for four additional hours with BSA or bBSA and cell extracts were analyzed by SDS-PAGE and Western-blotting with a polyclonal anti-BSA antibody. quent experiments were performed using bBSA as endocytic marker. At any given incubation period, biotinylated BSA was taken up much more efficiently than BSA (Fig. 1B) . Therefore, variations in BSA content were used as a measure of bBSA uptake. Due to the close relation between growth rate and markers uptake, the former was closely monitored in subsequent experiments. Growth rate was estimated by the ratio of protein concentration of cell extracts at any given time with respect to that obtained at the beginning of the incubation. As shown in Table 1 , slight variations in growth rate along the incubation period were noticeable in different experiments performed with cells of the same cell line (L-M) that were incubated in AA control medium. Although the same amounts of starting inocula were used, differences within the population of cell colonies might have caused these slight growth variations.
Effects of saline-and osmotically generated stress on growth rate and metabolic activity
The effects of a wide range of external osmolalities (0.183-0.614 mOsm) on growth rate and metabolic activity were studied using the same cell suspension line (L-M). For this purpose, increasing amounts of either non-penetrating osmotica (sorbitol, mannitol, PEG) or penetrating chloride salts (NaCl, KCl and CaCl 2 ) were added to the control AA medium and cells were incubated in the resulting media for 48 h. Variations in metabolic activity were monitored by the TTC test, which has been considered a viability test because it estimates changes in respiration activity. It also allows the use of cell colonies, without previous cell separation (Ishikawa et al. 1995) and has been previously used with rice calli (Cornejo et al. 1995) .
The increase in external osmolality caused a proportional decrease in cell growth and metabolic activity (Fig. 2) . Thus, when data obtained for both penetrating and non-penetrating osmotica were taken together, a significant (P <0.001) inverse correlation was evident. These effects of osmotic and saline stress on rice cells did not affect their subsequent ability to recover, as cells that had been subjected to stress for periods of up to 2 weeks were able to continue growing normally upon transfer to AA control medium (data not shown).
Internalization of bBSA under saline-and osmotically generated stress
Once the effect of the different types of stress agents on cell growth was established, variations in bBSA uptake were studied using the same cell line (L-M) and under similar incubation conditions. The initial comparison of the pattern of bBSA uptake of penetrating versus non-penetrating stress agents was performed with NaCl (0.10 and 0.14 M) and sorbitol (0.20 and 0.40 M). These dosages were selected because they caused a similar decrease in growth, within the low and the high concentration of each agent, after 48 h of stress treatment ( Fig. 2A) . Fig. 3 shows that bBSA uptake in control cells was maximal at the beginning of the incubation (0 h), when cells were in the lag phase; upon incubation for longer time periods (24-72 h), as cells enter the exponential growth phase, bBSA uptake decreased drastically, in agreement with our previous experiments (Bahaji et al. 2001 and Fig. 1 ). When cells were stressed by sorbitol or NaCl, a biphasic response was observed (Fig. 3) . At 0 h, both sorbitol and NaCl inhibited bBSA uptake, Fig. 2 Effect of osmotic and saline stress on the growth rate and metabolic activity of rice cells. Aliquots of cells from the suspension line L-M were incubated for 48 h in AA control medium and in AA media containing one the following stress agents at different dosages: sorbitol, mannitol, PEG, NaCl, KCl or CaCl 2 . The osmolality of these media was determined prior to cell incubation. Growth rate (A) was estimated by the ratio of protein concentration in cell extracts prepared after 48 h of incubation with respect to those prepared at 0 h. Values are expressed as a percentage of the growth rate in non-stressed cells, that was set to 100%. Variations in respiration rate, as estimated by the TTC test, were considered a measure of metabolic activity (B) . Absorbance values obtained from stressed cells are expressed as a percentage of the values from control non-stressed cells that were set to 100%.
as compared with control cells; in contrast, upon longer treatments (24-72 h), a clear shift was observed, and bBSA uptake became higher in stressed cells than in controls. The extent of this increased uptake varied with the type and concentration of the stress agent and the incubation time and it appears related to the degree of growth inhibition. Occasional exceptions to this pattern are likely to be due to small variations in the growth cycle among different experiments. For instance, after 24 h of treatment with 0.2 M sorbitol, an inhibition, rather than an activation of bBSA uptake was observed. However, in that particular experiment, cells seem to have started exponential growth earlier than controls (see growth rate on top of the bars). Over more extended periods, when this stress treatment inhibited growth, bBSA uptake became higher than that of controls.
The shift in bBSA uptake caused by sorbitol and NaCl was also observed when using different osmotic or saline agents (Fig. 4) . Both 0.4 M mannitol and 7.5% PEG caused an initial inhibition of bBSA uptake in stressed cells with respect to their controls, followed by an evident uptake activation after 48 h of incubation (Fig. 4A ). These stress treatments raised the osmolality of AA medium to 0.545 and 0.349 mOsm for mannitol and PEG, respectively. The effect of chloride salts (KCl and CaCl 2 ) was tested at concentrations that increased the osmolality to a similar value (0.51-0.52 mOsm) to that of 0.14 M NaCl. In this case, the initial inhibition appeared less pronounced than that caused by the stress agents previously tested and the shift in uptake rate was noticeable after 36 h of stress treatment (Fig. 4B) . Table 2 shows the different levels of tolerance to sorbitoland NaCl-generated stress of 12 callus lines (36 calli line -1 ) established from embryos of four plants (3 callus lines plant -1 ). Results are the average of two duplicate experiments. The levels of tolerance to different dosages of NaCl and sorbitol were quantified by an arbitrary scale (1 to 5) that was based on the Effect of other stress agents on the relative bBSA uptake by rice cells. Aliquots of cells from the cell suspension line L-M were incubated in control AA medium and in AA media that contained either osmotic agents (A) or chloride salts (B). At the indicated periods, cell aliquots from these suspensions were incubated with bBSA for 4 h and cell extracts were used to determine bBSA uptake. Values are expressed as a percentage of the highest bBSA uptake by control non-stressed cells that occurred at the beginning of the incubation period (0 h). Growth rate along incubation is indicated at the top of each column. Protein concentrations (mg ml -1 ) in extracts obtained at 0 h were as follows: (A) 0.51, 0.50 and 0.43 for AA, AA + 0.4 M mannitol and AA + 7.5% PEG, respectively; (B) 0.54, 0.55, and 0.58, for AA, AA + 0.14 M KCl, and AA + 0.093 M CaCl 2 , respectively. For each cell line and incubation period, protein concentration in extracts from stressed cells was compared to that from non-stressed control counterparts, with the latter set to 100%, and used to calculate the percentage of growth inhibition.
Characterization of callus lines based on their level of tolerance
average percentage of viable calli during periods of up to 62 h, as estimated by the pH indicator chlorophenol red. Thus, it indicates the effect of a given stress treatment along these periods. All calli that had turned the medium yellow continued growing after transfer to fresh medium.
Considering the average values of the three dosages used, tolerance levels for NaCl stress ranged from 58-60% (level 1) to 98% (level 5) and with sorbitol stress from 26-31% (level 1) to 66% (level 5). Eight out of the 12 lines tested showed equal levels of tolerance to both stress agents, while in the remaining four, tolerance levels were only slightly different. Lines established from seeds of plants C and D showed intermediate to low tolerance to NaCl and sorbitol, and lines from plant B showed intermediate to high tolerance, while lines from plant A showed a wider range of tolerance and slight differences between the stress agents.
To study the putative variations in bBSA uptake in relation to differences in tolerance levels, four callus lines were selected for the establishment of cell suspensions. Lines B/L-2 and A/L-1 were selected for higher (level 5) and lower (level 1) tolerance to NaCl, and the resulting suspensions were designated as L (+)T NaCl and L (-)T NaCl , respectively. Lines A/L-2 and C/L-2 were selected for higher (level 5) and lower (level 1) tolerance to sorbitol, and the resulting suspensions were designated as L (+)T sorb and L (-)T sorb , respectively. Differences in growth and marker uptake as a function of tolerance to osmotic and saline stress Fig. 5 shows the effects of sorbitol and NaCl on the growth of cell suspension lines with different level of tolerance to each of these stress agents. Although both sorbitol and NaCl decreased the growth rate of the stressed cell lines with respect to their control counterparts, the degree of growth inhibition was much more pronounced in lines with lower tolerance to sorbitol [L (-)T sorb ] and NaCl [L (-)T NaCl ]. Differences in growth as a function of the level of tolerance were evident after 24 and 48 h of stress treatment, but decreased at 72 h.
The degree of tolerance to sorbitol or NaCl also affected the uptake levels of stressed cells with respect to their nonstressed controls (Fig. 6, 7) . When subjected to sorbitol stress (Fig. 6A, B) , the cell line with higher tolerance to sorbitol [L (+)T sorb ] showed a slight, but consistent, higher level of bBSA uptake than the less tolerant line [L (-)T sorb ], during incubation periods of up to 72 h. During these periods, the growth rate of L (+)T sorb was less affected by sorbitol stress than that of L (-) T sorb (Fig. 5) ; therefore the slight difference in endocytic ability appeared unrelated to growth. The endocytic ability of both cell lines under sorbitol stress was also tested using biotin as endocytic marker (Fig. 6C) . After 48 h, the internalization of biotin was also higher in L (+)T sorb than in L (-)T sorb , although the levels of uptake were still lower than those obtained with non-stressed cells. In contrast, under NaCl stress (Fig. 7) , the cell line with higher tolerance to NaCl [L (+)T NaCl ] showed lower uptake levels than those of the less tolerant line [L (-)T NaCl ] along incubation periods of up to 72 h. In this case, difference in uptake levels between L (+)T NaCl and L (-)T NaCl might be related to their growth under NaCl stress, which was less inhibited in L (+)T NaCl than in L (-)T NaCl during the same time periods (Fig. 5) .
On the other hand, levels of uptake in sorbitol-stressed cells [L (+)T sorb and L (-)T sorb ] became higher than those in their control counterparts after 48 and 72 h of incubation, while At the indicated periods, cell aliquots from these suspensions were incubated with bBSA for 4 h and cell extracts were used to determine bBSA uptake. (B) Levels of bBSA uptake from three independent experiments as that shown in A, are expressed as a ratio of the uptake in the stressed cells with respect to their control counterparts for each time point (ratio sorbitol/control). (C) Aliquots of cells from these lines were incubated for 48 h in AA medium and in AA media that contained 0.4 M sorbitol prior to addition of biotin (0.4 mg ml -1 ). After 4 h of incubation, cell extracts were prepared and total biotin content was determined as described in Materials and Methods. Results are expressed as a ratio of the uptake in the stressed cells with respect to that of their control counterparts.
Fig. 7
Effect of NaCl stress on bBSA uptake by cell lines with high [L (+)T NaCl ] and low [L (-)T NaCl ] levels of tolerance to NaCl. (A) Cell aliquots from each line were incubated in control AA medium and in AA media that contained 0.14 M NaCl. At the indicated periods, cell aliquots from these suspensions were incubated with bBSA for 4 h and cell extracts were used to determine bBSA uptake. (B) Levels of bBSA uptake from three independent experiments as that shown in A are expressed as a ratio of the uptake in the stressed cells with respect to their control counterparts for each time point (ratio NaCl/control).
saline-stress activation of bBSA uptake was only evident in both lines [L (+)T NaCl and L (-)T NaCl ] after 72 h of incubation and, at shorter periods, uptake values were generally lower than those of their control counterparts.
The four cell lines previously selected for their high or low tolerance to stress (Table 2) showed a high degree of cross tolerance to sorbitol and NaCl. Thus, lines considered of high (level 5) tolerance to NaCl [L (+)T NaCl ] and sorbitol [L (+)T sorb ], also showed high (level 4) tolerance to the alternative stress agent, sorbitol and NaCl, respectively. Similarly, lines considered of low (level 1) tolerance to NaCl [L (-)T NaCl ] and sorbitol [L (-)T sorb ], show also low tolerance to the alternative stress agent, sorbitol (level 2) and NaCl (level 1), respectively. Fig. 8 shows a comparison of bBSA uptake levels of L (+)T sorb/NaCl and L (-)T sorb/NaCl when they were incubated for 48 h in the presence of the alternative stress agent. Incubation of L (+)T NaCl and L (-)T NaCl in the presence of sorbitol inverted their levels of bBSA uptake with respect to those obtained under NaCl stress, as the internalization was higher in L (+)T NaCl than in L (-)T NaCl . A similar variation in uptake levels occurred when the L (+)T sorb and L (-)T sorb were incubated in the presence of NaCl, here the internalization was higher in L (-)T sorb than in L (+)T sorb .
Discussion
In this paper, we have investigated variations in the process of endocytosis in rice cells in response to osmotic and saline stress using bBSA as an endocytic marker. Several lines of evidence support the existence of a possible relationship between endocytosis and stress response. In plant cells, osmotic stress activates several lipid-mediated signaling pathways involving phosphoinositides and MAPKs (Munnik and Meijer 2001) , many of which have been shown to be interconnected with pathways of membrane traffic, including endocytosis (Cavalli et al. 2001a) .
Evidence is now compelling that phosphoinositides, in addition to their role as second messengers, are involved in the regulation of intracellular trafficking, with a very important role in clathrin-dependent RME (for a review see Simonsen et al. 2001) . In plant cells, the role of phosphoinositides in endocytosis has not yet been evaluated, but the uptake of a fluorescent lipid marker by BY2 cells has been shown to be inhibited by wortmannin, an inhibitor of phosphatidylinositol 3-kinase, a key enzyme in phosphoinositide metabolism (Emans et al. 2001) .
MAP kinases also play pivotal roles in signal transduction of extracellular stimuli, such as environmental stresses and growth regulators in various organisms, including plants (Tena et al. 2001) . Recent reports suggest a surprising link between endocytic trafficking and signaling through MAPK cascades (for reviews see Cavalli et al. 2001a , Kholodenko 2002 . It is of note that a MAPK activated by oxidative stress, which is also generated after NaCl and osmotic stress (Borsani et al. 2001) has been shown to induce a selective activation of endocytosis through the activation of the small GTPase Rab5, which in mammalian cells is one of the key regulators of early endocytic traffic (Zerial and McBride 2001) . This effect has been proposed to allow a more efficient internalization of cell surface components for repair, storage, or degradation (Cavalli et al. 2001b) , although this hypothesis requires further support. A plant-unique small GTP-binding protein of the Rab 5 family, Mcrab5b, has been shown to increase levels of expression during early salt stress (Bolte et al. 2000) . A homolog of the Mcrab5b protein in Arabidopsis, Ara6, has been shown to function in the endocytic pathway and to localize to endosomes (Ueda et al. 2001 ). These observations indicate a possible link between salt stress, Rab5 and endocytosis in plant cells.
These lines of evidence prompted us to address several questions related to the effects of saline and osmotic stress on the endocytic rate of rice cells. Among them, the distinction between specific effects of the stress agents on RME and those caused through their inhibitory effect on growth, the common and distinctive effects of saline and osmotic stress, and the variations in endocytosis rate in relation to the level of tolerance of different cell lines.
In animal cells and in yeast, many receptor-mediated complexes are internalized via clathrin-coated vesicles (CCVs) formed at the PM. Although plant cells contain clathrin-coated pits and vesicles, as well as all the machinery necessary for clathrin-dependent internalization, there is no evidence of the participation of CCVs in RME, and the cargo of plant endocytic CCVs has not yet been identified (for reviews, see Holstein 2002 and Aniento et al. 2003) . When rice cells were subjected to saline or osmotic stress, there was a dose-dependent inhibition of bBSA uptake. Using soybean cells, Horn et al. (1992) also reported an inhibition in the uptake of biotinylated proteins under hypertonic conditions. Hypertonicity is one of the factors reported to inhibit clathrin-dependent receptormediated (but not fluid-phase) endocytosis in animal cells by interfering with clathrin polymerization (Heuser and Anderson 1989) . Hyperosmotic stress may also induce cytosolic acidification (Cabado et al. 2000 , Pintsch et al. 2001 , another factor known to inhibit RME in animal cells (Hansen et al. 1993) . Therefore, the fact that bBSA uptake, which occurs presumably via RME, is inhibited by hypertonic media, would be consistent with the possibility that bBSA may enter plant cells by a clathrin-dependent pathway. As mentioned above, changes in phosphoinositides in response to osmotic stress would also interfere clathrin-dependent RME rather than affecting fluidphase endocytosis. In any case, a direct proof that bBSA enters rice cells via CCVs is not yet available.
The inhibitory effect of osmotic stress on bBSA uptake was reversed when the cells were incubated in the presence of the different stress agents over more extended periods. Then, bBSA uptake was higher in stressed cells than in controls. A plausible explanation for this effect could be the growth inhibition caused by all the saline and osmotic stress agents tested, the extent of which was in direct relation to the resulting increase in the media osmolality. The uptake of biotinylated markers (bHRP and bBSA) by the different rice cell lines tested decreased drastically with the initiation of the exponential growth phase (Bahaji et al. 2001 and Fig. 1) . Therefore, the activation of bBSA uptake over extended periods appears mainly related to the inhibition of growth by stress agents, which would delay the start of the exponential growth phase. Alternatively, clathrin-independent endocytic mechanisms might be activated by osmotic stress upon longer treatments.
The time required to produce this shift as well as the level of uptake activation varied with the type and dosage of stress agent used (Fig. 3, 4) . This activation appears mainly caused by growth inhibition, which was directly related to the increase in external osmolality. The only noticeable exception occurred with PEG (Fig. 4) , as it caused high uptake activation at a dosage that resulted in the lowest increase in osmolality (0.349 mOsm) within the range tested (0.349-0.614 mOsm). This particular agent is a highly hydrophilic polymer and, as it was proved to be the most effective chemical to stimulate DNA internalization, PEG treatment was one of the first methods used for rice transformation (Komari et al. 1998) .
Once the general pattern of uptake by rice cells in response to saline and osmotic stress was established, we investigated whether the uptake rate would be affected by the level of stress tolerance of the cell line used. To this end, subsequent experiments were performed with sorbitol, as it is metabolically more inert than mannitol and other sugar alcohols (Wang et al. 1999) , as well as with NaCl, the most frequent type of saline stress. As previously demonstrated for freezing stress (Moukadiri et al. 1999a , Moukadiri et al. 1999b ), levels of tolerance to saline and osmotic stress varied among the twelve independent callus lines tested (Table 2) . Cell suspensions established from callus lines with different degree of tolerance to either sorbitol or NaCl showed significant differences in growth, which were more prominent in the early growth phase (up to 72 h) (Fig. 5) . Over longer periods (up to 9 d), the pattern of growth, as well as the pattern of inhibition by stress became more alike (data not shown). Since the experiments on endocytosis were performed in the early growth phase, differences in uptake may be related to these transient differences in tolerance.
Within this time frame (up to 72 h), the relative bBSA uptake under osmotic stress was slightly, but consistently higher in the more tolerant line [L (+)T sorb ] than in the less tolerant one [L (-)T sorb ] being the effect more prominent at 24 and 48 h than at 72 h, when differences in tolerance were decreasing (Fig. 6A, B) . This was further confirmed by the use of biotin as endocytic marker (Fig. 6C) . However, under saline (NaCl) stress, the relative bBSA uptake was higher in the line with lower tolerance [L (-)T NaCl ] than in the more tolerant one [L (+)T NaCl ] at all the time periods tested (0 to 72 h, Fig. 7) . Therefore, tolerance to sorbitol seems to be correlated with an increased bBSA uptake while tolerance to NaCl, instead, correlates with a lower bBSA uptake. The difference is noteworthy, since the cell line selected for higher tolerance to sorbitol also showed high tolerance to NaCl and vice versa (Table 2) .
When subjected to the alternative stress agent [L (+)T sorb and L (-)T sorb under NaCl stress; L (+)T NaCl and L (-)T NaCl under sorbitol stress], the cell lines selected for their different level of tolerance to saline or osmotic stress, basically maintained the variations in endocytosis rate discussed above. Thus, under osmotic stress, L (+)T NaCl showed higher relative bBSA uptake than L (-)T NaCl , while the opposite occurred under saline stress (Fig. 8) . This corroborates the distinctive effects of saline and osmotic stress on the endocytic rate as a function of the tolerance level. Wang et al. (1999) have reported that sorbitol-stressed sweet potato cells, in addition to showing plasmolysis, increased their free amino acid pools with respect to both control and stress-adapted cells. Experiments using the dye FM1-43 suggest the occurrence of constitutive endocytosis under constant osmotic pressure, along with retrieval of excess membrane from the PM, which would be internalized into the cytoplasm (Kubitscheck et al. 2000) . From the data obtained with cell lines with different tolerance to sorbitol, it could be speculated that the more tolerant line might have a higher ability for adaptation through osmotic adjustment and its higher endocytic rate, with respect to the less tolerant line, might reflect a more efficient internalization of the PM excess. As occurred in osmotically stressed cells, cytoplasmic vesiculation has also been reported in response to saline stress (Pareek et al. 1997) . It has also been reported that adapted tobacco cells experience cytological variations characteristic of meristematic cells that might be indicative of developmental arrest (Hasegawa et al. 2000) . However, contrary to the uptake pattern in sorbitolstressed cells, tolerance to NaCl appears to be associated with lower uptake levels.
Adaptation to salinity and hyperosmotic stress is known to be a complex multistep process, but a rise in cytoplasmic Ca 2+ as well as an increased polyphosphoinositide turnover have now been identified amongst the early events leading to the development of tolerance (Knight et al. 1997) . Specific tolerance to salinity has been related to the ability to maintain toxic ions away from the cytoplasm through energy-dependent transport to the vacuole or the apoplast. This can be facilitated due to the H + electrochemical potential gradient established across the PM by the PM H + -ATPase and the tonoplast H + -ATPase (v-type) and H + -pyrophosphatase (Hasegawa et al. 2000) . It has been suggested that the overexpression of a gene encoding a tonoplast Na + /H + antiporter (AtNHX1) might increase salt tolerance by disrupting its trafficking and thereby increasing the capacity for compartment of Na + away from the cytosol (Apse et al. 1999) . It has also been proposed that the PM-ATPase is involved in salt tolerance of the yeast Candida membranefaciens (Khaware et al. 1996) . In addition, Crooks et al. (1999) have investigated the internalization of biotinylated proteins on the surface of carrot protoplasts, in particular a 100 kDa protein that was predicted to be the PM H + ATPase. They suggested that endocytosis of this ATPase might serve to adjust the number of proton pumps at the PM or to monitor their functional condition. Thus, reduced levels of endocytosis of the NaCl-tolerant rice line, might contribute to the maintenance of a higher number of proton pumps in the PM and to coping with an increased salinity, although further research is needed to confirm this hypothesis.
The results obtained in this research lead us to the three following conclusions. (a) Osmotic and saline stress cause a similar pattern of variations on endocytosis by rice cells, consisting of an initial inhibition of uptake followed by a subsequent activation. (b) Within a given cell line, the time of the shift inhibition/ activation of uptake and the extent of the activation varies mainly in relation to the degree of growth inhibition caused by a particular stress treatment. (c) Between cell lines, saline and osmotic stress show specific effects on the endocytosis rate that appear related to their degree of tolerance. Thus, tolerance to osmotic stress appears associated with higher uptake levels while the opposite occurs under saline stress.
Material and Methods
Establishment of rice cell lines
The cell suspensions used in the present study were prepared from different callus lines, each established from a mature embryo of rice (Oryza sativa L, cv. Taipei 309). Calli were induced and maintained as described previously (Moukadiri et al. 1999a , Moukadiri et al. 1999b ) on a culture medium that will be referred to as MS control medium. Calli from each of the lines used were incubated in the darkness at 27±2°C and transferred every 3 weeks to fresh medium.
Cell suspensions were established, as described previously (Bahaji et al. 2001) , from callus lines that had been selected based on their different levels of tolerance to the stress agents tested. Suspensions were subcultured weekly by adding 5 ml of each suspension, containing 1-1.5 ml of cell packed volume (CPV), to 25 ml of a fresh liquid medium, that will be referred to as AA control medium. All suspensions were placed on an orbital platform shaker at 27±2°C in dim light.
Selection of callus lines
Twelve callus lines (36 calli line -1 ) that had been established from mature embryos of four plants (3 callus lines plant -1 ) were used to characterize their tolerance to several dosages of NaCl and sorbitol. The levels of tolerance to NaCl and sorbitol were visually identified by using the pH indicator chlorophenol red. For this purpose, 3-to 4-month-old calli from each line were placed individually on Corning cell wells (24 wells with an individual diameter of 16 mm) that contained MS control medium and either NaCl (0.10, 0.14 or 0.18 M) or sorbitol (0.40, 0.60 or 0.80 M). Chlorophenol red (0.5 mg liter -1 ) was added to these media from a filtered sterilized stock solution prior to dispense the different media in 1.5 ml aliquots. Six calli from each line, including two control calli, were used for each concentration of the stress agent tested. Thus, a total 432 calli (288 stressed calli and 144 control calli) were used per each of the two performed experiments. Color change from red (pH 6) to yellow (pH 4.8) was indicative of the decrease in pH that occurs in media supporting active growth and it was monitored at 20, 40, 50 and 62 h. The effect of a given stress treatment was estimated based on the average percentage of calli that had changed the color of the medium at this time periods. Following characterization of the callus lines, cell suspensions were established from the four lines with the highest [L (+)T] or lowest [L (-)T] tolerance to sorbitol and NaCl (see below and Table 2 ).
Stress treatments in cell suspensions
The stress treatments were performed by adding one of the following osmotic or saline agents, at different dosages, to the components of AA control medium: sorbitol, mannitol, polyethylene glycol 3350 (PEG), NaCl, KCl and CaCl 2 . The osmolarity of the resulting stress media was monitored with an Osmomat 030 cryoscopic osmometer (Gonotec, Berlin, Germany). Medium-size colonies, composed of 40-60 cells, were selected from the 30-ml stock cultures for each experiment. A pellet of 0.3 ml CPV was resuspended in 10 ml of either control or a given stress medium and aliquots of 1 ml (0.03 ml CPV) were distributed into 25 ml flasks, diluted with control or stress medium to give a total volume of 4 ml and incubated under the same conditions used for the stock cultures.
Measure of cell growth and metabolic activity
The effect of different stress agents on growth rate was monitored in four cell suspension lines selected for their high [L (+)T] or low [L (-)T] levels of tolerance to sorbitol or NaCl, as well as in a cell line (L-M), previously established, which showed intermediate tolerance to these stress agents. When using 30 ml suspensions, cell growth was estimated by measuring variations in CPV. With smaller volumes, variations in protein concentration of cell extracts were always used as a measure of growth.
Decrease in metabolic activity caused by the stress agents was estimated by the reduction of 2,3,5-triphenyltetrazolium chloride (TTC test), first described by Towill and Mazur (1975) . It was performed as follows: cells were collected into a 3 ml vial and a volume of TTC solution (0.6% (w/v) TTC in 0.05 M sodium phosphate buffer, pH 7.5) equal to the volume of the cell pellet was added. Following an overnight incubation without shaking in the dark and at room temperature, cells were pelleted and washed once with distilled water. The red formazan obtained was extracted from the cell colonies with 1.8 ml of 96% ethanol for 30 min at 60°C. Absorbance of the resulting formazan solution was measured at 530 nm. Absorbance values from control, non-stressed cells, were considered as 100%. For methylene blue staining, cell pellets (0.03 ml CPV) were previously resuspended in 4 ml of fresh medium and the cell colonies were disrupted with a glass homogenizer, to separate smaller cell groups or individual cells. The resulting suspension was mixed with an equal volume of methylene blue solution and both blue and colorless cells (dead and alive cells, respectively) were observed microscopically with white light and counted by using a Fuchs-Rosenthal chamber. Values obtained with control (non-stressed) cells were also considered as 100%.
Uptake of biotinylated markers
To measure the uptake of endocytic markers by rice cells, we used two biotinylated proteins, bHRP and bBSA. Protein biotinylation was performed as described previously Gorvel 1992, Bahaji et al. 2001) . For each uptake experiment, cell pellets (0.03 ml CPV), obtained as described above, were resuspended in 4 ml of either control AA medium or AA media that also contained different stress agents, and incubated in 25 ml flasks, for periods of up to 72 h. After different incubation periods, marker proteins were added to a final concentration of 0.05 mg ml -1 and suspensions were incubated for four additional hours. After extensive washing to remove excess marker, cell extracts from both control and stressed cells were prepared in an extraction buffer that contained 50 mM sodium phosphate buffer, pH 7.0, 10 mM EDTA and 14 mM b-mercaptoethanol, as described previously (Bahaji et al. 2001) , and analyzed for protein concentration and HRP activity or BSA content.
HRP activity was determined by using H 2 O 2 and o-dianisidine as substrates and then measuring the increase in OD at 455 nm (Gruenberg and Gorvel 1992) . Due to the endogenous peroxidase activity of plant cells, activity values from the endocytosed bHRP were quantified by subtracting the values obtained in control cells that have been incubated without exogenous peroxidase.
BSA content was determined by SDS-PAGE and Western blot analysis using a polyclonal anti-BSA antibody (Sigma) and an alkaline phosphatase-labeled secondary antibody (Promega). Western blots, exposed in the linear range of detection, were quantified by densitometry. As BSA is a foreign protein, its content in cell extracts was taken as a direct measure of marker uptake by rice cells. BSA can incorporate, on average, 11 biotin residues. Thus, bBSA has an increased molecular weight that can be detected by SDS-PAGE.
Biotin uptake and quantification
Biotin was used as an additional endocytic marker in cell lines with high and low tolerance to sorbitol. Control and sorbitol-stressed cells were incubated for 48 h. Then, 2 ml of supernatant, from each of the 4-ml suspensions, were replaced by 2 ml of biotin (0.4 mg ml -1 ) dissolved in fresh control or sorbitol-containing medium. Subsequently, cells were incubated for four additional hours prior to preparation of cell extracts. Total biotin in these extracts was determined by the streptavidin binding assay as described by Shellhammer and Meinke (1990) . Briefly, 96-well microtiter plates were incubated 3 h at 37°C with 100 ml well -1 of a 10 mg ml -1 solution of streptavidin in 15 mM sodium carbonate buffer at pH 9.6. Plates were washed four times with PBS, incubated for 1 h at 37°C with 100 ml well -1 of 0.3% (w/v) BSA in 15 mM sodium carbonate buffer, and washed again with PBS. Duplicate aliquots of biotin standards or cell extracts were added to these wells and diluted to a final volume of 100 ml with extraction buffer (see above). Two wells were incubated without biotin to serve as negative controls. Plates were incubated 30 min at 25°C with 100 ml well -1 of a 1 unit ml -1 solution of biotinylated alkaline phosphatase in PBS and washed again with PBS. Then, 100 ml of 1 mg ml -1 p-nitrophenyl phosphate in substrate buffer (0.1 M Tris-HCl, 100 mg liter -1 MgCl 2 , pH 9.8) were added to each well and plates were incubated at 37°C for approximately 1 h, until a discernible yellow color appeared in control wells that had not been incubated with biotin. Color reactions were stopped by adding 100 ml of 3 M NaOH to each well. Absorbances were measured at 405 nm by using a microtiter plate reader (Labsystems multiskan MS serial RS-232C).
